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[57] ABSTRACT 

The present invention relates to electrochemical cells. and 
more particularly to secondary lithium intercalation cells. 
Nickel is employed as a component “M” in an active cathode 
material represented by the formula LixMyOr where ‘T’ and 
“y" are generally about 1. and “z” is generally about 2. In the 
present invention “M,” is divided into two components, a 
?rst major component of nickel. corresponding to at least 
70% of “ll/1y." and a second minor component comprising at 
least one of a non-transition metal selected from the group 
consisting of aluminum. gallium. tin. and zinc. and in some 
embodiments at least one transition metal selected from the 
group consisting of scandium and the Period 5 metals having 
atomic numbers between 39 and 42. A two-stage reaction 
process for making the compounds of the active cathode 
materials of the present invention is described. 

33 Claims, 11 Drawing Sheets 
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MODIFIED LITHIUM NICKEL OXIDE 
COMPOUNDS FOR ELECTROCHEMICAL 

CATHODES AND CELLS 

This invention was made with US. Government support. 
The U.S. Government has certain rights in the invention. 

FIELD OF THE INVENTION 

The present invention relates to rechargeable lithium 
electrochemical cells. and more particularly to secondary 
lithium ion electrochemical cells. 

BACKGROUND OF THE INVENTION 

Lithium electrochemical cells are attractive because they 
have high energy density. but present well-known challenges 
respecting safety. Lithium batteries have been regulated in 
several countries owing to safety hazards. Despite those 
drawbacks the battery industry has expended signi?cant 
effort researching and developing lithium batteries because 
of their high energy density. Table 1 lists some prior art 
disclosures respecting rechargeable lithium ion electro 
chemical cells. 

TABLE 1 

PRIOR ART DISCLOSURES 

Country Pat. No. , Applicant 
of Publisher. or Author or Year of 
Disclosure Disclosure Type Owner Disclosure 

U.S.A. 4,302,518 Goodenough et al. 1981 
U.S.A. ‘£357,215 Goodenough et al. 1982 
U.S.A. Material Resources Thomas et al. 1985 

Bulletin 
Japan 63-114056 Toshiba Battery Co. 1988 
Japan 63499056 Mitsui/Sony 1988 
U.S.A. Journal of Power Kanno et a1. 1989 

Sources 
‘ Japan 2-56871 Mitsui/Sony 1990 

U.S.A. Presentation Nagaura 1990 
Japan 2-68859 Toshiba Battery 1990 
Japan 2-68868 Toshiba Battery 1990 
PCI‘ 90/ 13924 Fang et al. 1990 
U.S.A. 4,980,080 LeCerf et al. 1990 
U.S.A. Solid State Ionics Dalm et al. 1990 
U.S.A. Solid State Ionics Ebner et al. 1994 

In US Pat. No. 4.302.518 Goodenough et al. disclose a 
cathode material represented by the formula AxMyOz. where 
A=lithium. sodium or potassium. M=a transition metal. at is 
less than 1 and y approximates 1. The cathode material is 
made using a mixture of LiOH.H2O and Ni powder heated 
under an oxygen atmosphere at about 750° C. for twelve or 
more hours. 

In US. Pat. No. 4.357.215 Goodenough et al. disclose the 
same cathode material and method of making same 
described in the foregoing ’518 patent. 

In an article published in the Material Resources Bulletin 
entitled “Syntheses & Structural Characterization of Normal 
Spinel Li[Ni2|O4" Thomas et al. propose a structure collapse 
theory. where when ‘51” becomes less than about 0.50 
layered LiMO2 becomes Li[M2]O . and the crystalline 
structure assumes a cubic spinel structure. 

Japanese Patent Application No. 63-29‘9056 discloses a 
cathode materiz? represented by the formula LiyN ixCo 1“O2. 
where OéxéOJS. and yé 1.0. Some cobalt in the crystalline 
structure of the cathode material is described as being 
replaced with larger nickel ions. thereby distorting the 
crystalline structure and permitting easier intercalation and 
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2 
deintercalation of lithium ions. Adecrease in charge capacity 
is disclosed for x>0.75. 

Unexamined Japanese Patent Publication No. 2-56871 
discloses LiCoOz and LiCoxNiyO2 cathode materials. 

In an article entitled “Electrode Materials for Lithium Ion 
Rechargeable Batteries" Nagaura discloses the short life 
characteristics of lithium ion batteries having metallic 
lithium anodes. To solve this problem Naguara proposes an 
LixMO2 cathode formulation. where M=cobalt. nickel. or 
manganese. and anode formulations comprising carbon or 
LiAl. 

Unexamined Japanese Patent Publication No. 2-68859 
discloses lithium ion cell having a carbonaceous anode 
material derived from cellulose. where the carbon is coated 
with lithium or lithium alloy or another metal capable of 
being alloyed with lithium such as aluminum. 

Unexamined Japanese Patent Publication No. 2-68868 
discloses an anode material for a lithium ion cell. where 
carbon is mixed with a lithium alloying material represented 
by the formula LixM. where 0éxé9. the alloying material 
being limited to Al. Pb. Sn. Bi. In. Ga. or Cd. 

In PCI‘ International Publication No. W0 90/ 13924. Fong 
et al. disclose a carbonaceous anode for a lithium ion cell. 
where the carbon comprises two components. the ?rst com 
ponent being less graphitized than the second component. 

In US. Pat. No. 4.980.080. LeCerf et al. disclose a 
two-step process for preparing a lithium ion cathode mate 
rial represented by the formula Liyl\Ii2_yO2 or LiNi1_ CoxO2. 
where 0.09§x§0.50 and 0.08S§y<1.22. 

In an article entitled “Structure. Electrochemistry of New 
LizNiO2 Phase with Ni(OH)2 Structure." Dahn et al. dis 
close a cathode material represented by the formula Lil“ 
NiO2. where when x>1 layers of lithium alternate with 
layers of nickel interspersed with lithium. and when x>2 an 
entirely different crystalline structure results. 

In an article entitled "The IiNiO2lcarbon lithium-ion 
battery.” Ebner et al. disclose a secondary lithium battery 
having an intercalation electrode. 

Primary lithium electrochemical cells are commercially 
available and have achieved some commercial success. due 
at least in part to increasing safety in use. Secondary 
rechargeable lithium electrochemical cells. on the other 
hand. have achieved less success in the commercial 
marketplace. due in part to persistent safety problems. and 
even a number of product recalls. Some manufacturers have 
ceased production of rechargeable lithium electrochemical 
cells because of safety concerns. Additionally. early 
rechargeable lithium cells suffered from a low number of 
available discharge-charge cycles. Charge-discharge cycles 
in early lithium batteries were not entirely reversible. lead 
ing to short cycle life. 

In early lithium secondary cells lithium was incorporated 
as lithium metal in the anode. Among the disadvantages of 
such cells were safety concerns associated with the presence 
of lithium metal and the low number of recharge cycles. 
Safety concerns arose respecting undesired side reactions 
occurring between the lithium and other chemicals in the 
cell such as chemicals contained in the electrolyte. Under 
abusive operating conditions sufficient heat could be gener 
ated to raise the reaction rates to hazardous levels. leading 
to cell venting and ?res. or even user injury. 

In respect of the number of charge-discharge cycles. 
lithium anodes often developed dendrites that increased in 
surface area with each successive cycle. Dendrites eventu 
ally interfered with cell performance characteristics. leading 
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to early cell failure due to internal shorting and a subsequent 
inability to charge. 

Later developments focused on incorporating lithium into 
the cathode material as part of its crystalline structure. where 
at least part of the lithium could be removed from the 
cathode by deintercalation of lithium ions from the cathode 
crystal structure. One such cathode material is LizMyOZ. 
“Li" is a lithium ion. “M” is a transition metal and “O” is 
oxygen. Typically. “x” and “y" are about 1. and “z” is about 
2 prior to deintercalation of the lithium from the cathode and 
corresponding intercalation of lithium into the anode. One 
such well known compound is LiNiO2. 
A typical anode material in lithium ion secondary cells 

may be described as a crystalline. quasi-crystalline or par 
tially crystalline material such as carbon. The carbon may 
receive lithium ions in its structure by intercalation. prefer 
ably without substantial rearrangement of its structure. and 
may subsequently release lithium ions back to the cathode. 

During the processes of intercalation and deintercalation. 
lithium ions rock back and forth between the cathode and 
anode during successive charge-discharge cycles. In a com 
plete charge-discharge cycle. lithium ions move from the 
cathode to the anode as the cell is being charged. and move 
from the anode to the cathode as the cell is being discharged 

For a lithium intercalation cell to provide a large number 
of discharge-charge cycles (e.g.. 500 or more cycles). the 
discharge portion of the cycle must be a substantially 
complete reversal of the preceding charge cycle. and the 
charge portion of the cycle must be a substantially complete 
reversal of the preceding discharge cycle. To the extent a 
charge or discharge portion of the cycle is less than com 
pletely reversible the capacity of the cell is reduced. 

In most lithium ion cells. the lithium-containing cathode 
material is a crystalline solid having a particular crystalline 
structure associated therewith. but may also have a partially 
crystalline or partially amorphous structure. Lithium ions 
occupy a portion of the volume of the electrode and may 
contribute at least partially to the structural integrity of the 
crystalline structure. 
As the degree of deintercalation in a cathode comprising 

LiMO2 increases in lithium ion cells. lithium ions contribute 
increasingly less to the structural integrity of the crystalline 
structure. At some point in the deintercalation process. ‘1” 
(the stoichiometric proportion of lithium in the chemical 
composition of the cathode material) becomes so small that 
remaining lithium ions become incapable of continuing to 
support all or most portions of the original (Jt-NaCrO2 
crystalline structure. As a result. substantial portions of the 
original ot-NaCrO2 crystalline structure change phase from 
a material represented by the formula LijMyo2 to a material 
represented by the formula MyOz and having a phase cor 
responding generally to a second hexagonal phase. a third 
hexagonal phase. a monoclinic phase. or some combination 
of two or more of the foregoing phases. including an original 
hexagonal phase. In nearly all cases. those portions of a 
material having a phase corresponding to an MyO= crystal 
line structure cannot change phase back to an ot-NaCrO2 
crystalline structure. Thus. a change in phase is often irre 
versible. It is in direct proportion to the extent that portions 
of a material change phase from an original ot-NaCrO2 
crystalline structure to an MyOz crystalline structure that the 
change the capacity of a lithium ion cell is reduced. Known 
cathode materials represented by the formula LixMyOa retain 
a reversible structure as “x” is reduced by deintercalation to 
values nearing 0.50. As “x" is reduced to 0.50 and below. 
however. at least portions of the crystalline structures of 
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4 
conventional cathode materials change irreversibly from 
InxMyOz to myoz. 

It is therefore an object of the present invention to provide 
a cathode material for a lithium intercalation cell having a 
crystalline matrix. where the material has a greater propor 
tion of lithium ions that may be deintercalated from the 
cathode with the LLMyO: crystalline structure not changing 
phase irreversibly. 

It is another object of the present invention to provide a 
cathode material for a lithium intercalation cell having a 
crystalline matrix capable of releasing an increased amount 
of “x” from its crystalline structure without substantially 
rearranging or irreversibly changing the ot-NaCrO2 crystal 
line structure thereof. 

It is still another object of the present invention to 
improve charge capacity retention of the cathodes of lithium 
intercalation cells. 

It is yet another object of the present invention to prevent 
overcharging of lithium intercalation cells. 

Still other objects of the present invention are directed to 
providing a novel electrochemical cell having the above 
desired compositions of matter and electrodes. and to pro 
viding methods of making corresponding compositions of 
matter. electrodes. and cells. and to using the corresponding 
cells. 

SUMMARY OF THE INVENTION 

The present invention relates to rechargeable lithium 
electrochemical cells. and more particularly to secondary 
lithium ion cells. Nickel is employed as a component “M” 
in an active cathode material represented by the formula 
LixMyOz. where “x" and “y” are generally about 1. and “z” 
is generally about 2. In the present invention “M; is divided 
into two components. a ?rst major component of nickel. 
corresponding to at least 70% of “My.” and a second minor 
component comprising at least one of a non-transition metal 
selected from the group consisting of aluminum. gallium. 
tin. and Zinc. and in some embodiments at least one transi 
tion metal selected from the group consisting of scandium 
and the Period 5 metals having atomic numbers between 39 
and 42. A two-stage reaction process for making the com 
pounds of the active cathode materials of the present inven 
tion is described. 
Some objects of the present invention are attained in a ?rst 

set of embodiments corresponding to a composition of 
matter comprising a compound represented by the formula 
Li,,R,Ni1_y0:. where “R” is at least one non-transition metal 
selected from the group consisting of aluminum. gallium. 
tin. and zinc. and “y” ranges between about 0.02 and about 
0.30. preferably. about 0.05 and about 0.15. and ‘31” is 
initially between about 0.95 and about 1.05. In preferred 
embodiments of the present invention “2” is about 2. In the 
compound or composition of matter of the present invention. 
the crystalline structure typically corresponds to the 
ot-NaCrO2 structure. When the compound is used as a 
cathode material in a lithium intercalation cell. lithium ions 
may be removed from the material to reduce “x" below 0.50 
while retaining the ability to reversibly change the crystal 
line structure back to the ot-NaCrO2 structure during charg 
mg. 

In some embodiments of the present invention. a first 
component of “R” in the compound contains at least one of 
aluminum. gallium. tin. and zinc. The ?rst component is 
present in amounts ranging between about 5 percent and 
about 95 percent by weight. or about 30 percent to about 70 
percent by weight of the compound A second component of 
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“R” in the compound may contain at least one of scandium 
and a Period 5 transition metal having an atomic number 
between 39 and 42. The second component may be present 
in amounts ranging between about 95 percent to about 5 
percent by weight. or about 70 percent to about 30 percent 
by weight of the compound. In preferred embodiments of the 
present invention. the composition of matter or ca?tode 
material comprises particles having maximum diameters not 
exceeding 150 microns. 
A second set of embodiments of the present invention 

corresponds to a composition of matter comprising a com 
pound represented by the formula LixRyNi1_yOz. where “R” 
is at least one transition metal such as scandium or a Period 
5 transition metal having an atomic number between 39 and 
42. and “y” is between about 0.02 and about 0.30. or even 
more preferably between about 0.05 and about 0.15. In those 
embodiments, “z” is about 2 and ‘we’ preferably ranges 
initially between about 0.95 and about 1.05. The crystal 
structure typically corresponds to an ot-NaCrO2 structure. 
Lithium ions may be removed from the crystalline structure 
of the compound to reduce ‘51" below 0.50. or even below 
0.40. while retaining the ability to reversibly change the 
crystalline structure back to the ot-NaCrO2 structure during 
charging. 
A third set of embodiments of the present invention 

corresponds to an electrode for an electrochemical cell 
comprising an electrochemically active material comprising 
a compound represented by the formula LixR,Ni1_,O=. 
where “R” is at least one non-transition metal selected from 
the group consisting of aluminum. gallium. tin. and zinc. and 
“y” is between about 0.02 and about 0.3. 
A fourth set of embodiments of the present invention 

corresponds to an electrode for an electrochemical cell 
comprising an electrochemically active material comprising 
a compound represented by the formula LixRyNikyOr 
where “R" is at least one of scandium and a Period 5 
transition metal having an atomic number between 39 and 
42. and “y” is between about 0.02 and about 0.3. 
Some objects of the present invention are attained in a 

?fth set of embodiments corresponding to an electrochemi 
cal cell comprising a negative electrode. an electrolyte and 
a positive electrode. the positive electrode comprising a 
compound represented by the formula LixRyN i 11.0:. where 
“R” is at least one non-transition metal selected from the 
group consisting of aluminum. gallium. tin. and zinc. and 
“y” is between about 0.02 and about 0.3. In the ?fth set of 
embodiments. “R" includes one or more of aluminum. 
gallium. tin and zinc as a ?rst component. and scandium or 
a Period 5 transition metal having an atomic number 
between 39 and 42 as a second component. The ?rst 
component is about 5 percent to about 95 percent by weight. 
or 30 percent to about 70 percent by weight. of “R.” The 
second component is about 95 percent to about 5 percent by 
weight. or about 70 percent to about 30 percent by weighL 
of “R." 

In electrochemical cells of the present invention. the 
electrolyte most preferably comprises a solute selected from 
the group consisting of LiPF6 and LiN(CF3SO2)2 and a 
solvent selected from the group consisting of compositions 
comprising at least one of (i) a combination of propylene 
carbonate and dimethoxyethane. and (ii) a combination of 
ethylene carbonate and methylacetate. Other solutes suitable 
for use in the present invention include. but are not limited 

to. MP1‘... LiAsF?. LiBF... LiN(CF3SO2)2. LiCF3SO2 and 
LiC(CF3SO2)3. Other solvents suitable for use in the present 
invention include. but are not limited to. PC (propylene 
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carbonate). EC (ethylene carbonate). y-BL (gamma 
butyrolactone). DME (dimethoxyethane). DEC 
(diethylcarbonate). DMC (dimethylcarbonate). MA 
(methylacetate) and MF (methylformate). 

Other objects of the present invention are attained in a 
sixth set of embodiments corresponding to an electrochemi 
cal cell comprising a negative electrode. an electrolyte and 
a positive electrode. the positive electrode comprising a 
compound represented by the formula Li,R i1_yO:. where 
“R" is at least one transition metal selecte from the group 
consisting of scandium or a Period 5 transition metal having 
an atomic number between 39 and 42. and “y” is between 
about 0.02 and about 0.3. 

Other objects of the present invention are attained in a 
seventh set of embodiments corresponding to a method of 
making a compound represented by the formula LixRyNil_y 
0:. where “R" is at least one metal selected from the group 
consisting of aluminum. gallium. tin. zinc. scandium. and a 
Period 5 transition metal having an atomic number ranging 
between 39 and 42. and “y” is between about 0.02 and about 
0.30. The method comprises the steps of mixing together 
stoichiometric amounts. as ingredients. of hydroxides of 
lithium. nickel. and the “R” metal or metals according to 
stoichiometric amounts speci?ed by “x.” “y” and “z” to 
make a mixture thereof; heating the mixture in a furnace 
provided with an atmosphere containing oxygen to a reac 
tion temperature of at least about 600 degrees C.. preferably 
to at least about 625 degrees C.. and most preferably to about 
650 degrees C.', and holding the mixture at the elevated 
reaction temperature in the atmosphere containing oxygen 
for at least 10 hours. preferably for at least 13 hours. and 
most preferably for at least about 15 hours. for reaction of 
the ingredients of the mixture. 

After the step of holding the mixture at the reaction 
temperature for the prescribed period of time. the method 
preferably includes the further steps of cooling the mixture: 
processing the mixture in a size reducing apparatus (e.g.. a 
ball mill) to mix the ingredients thereof and reduce particle 
size; heating the mixture a second time in an atmosphere 
containing oxygen to an elevated reaction temperature of at 
least about 600 degrees C.. preferably to at least about 625 
degrees C.. and most preferably to about 650 degrees C.; and 
holding the mixture at the reaction temperature in an atmo 
sphere containing oxygen for at least 2 hours. preferably for 
at least about 3.5 hours. and most preferably for at least 
about 5 hours. for further reaction of the ingredients of the 
mixture. 

Prior to any heating of the mixture the method preferably 
includes processing the mixture in a size reducing apparatus 
to make an intimate mixture of the ingredients thereof and 
to reduce the size of particles in the mixture. After cooling 
the mixture after the ?rst heating the mixture is then pro 
cessed in a size reducing apparatus a second time to further 
mix the ingredients and further reduce particle size. 
Preferably. the method of making the compound includes 
selecting “y” to be between about 0.05 and about 0.15. The 
method preferably includes sizing the reaction product com 
prising the compound such that particles retained in the 
compound have diameters not exceeding 150 microns. The 
method preferably includes passing oxygen through water 
such that the oxygen becomes humidi?ed. and subsequently 
introducing the humidi?ed oxygen into the furnace to pro 
vide an atmosphere containing oxygen. 

Still other objects of the present invention are attained in 
an eighth set of embodiments corresponding to a method of 
making an electrode for an electrochemical cell. the elec 
trode comprising a compound represented by the formula 
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Still other objects of the present invention are attained in 
a ninth set of embodiments corresponding to a method of 
making an electrochemically active cell comprising a nega 
tive electrode. an electrolyte. and a positive electrode com 
prising a compound of the present invention represented by 
the formula LixRyNil?oz. 

Still further objects of the present invention are attained in 
a tenth set of embodiments of the invention corresponding to 
a method of using an electrochemical cell. where the cell of 
the present invention is discharged or charged. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings describe details of the 
invention. where: 

FIG. I shows a cross-sectional view of a round cell of the 

present invention; 
FIG. 2 shows a partial cross-sectional view of a spirally 

wound cell of the present invention; 
FIGS. 3A-3C show x-ray diffraction patterns of an active 

cathode material of the present invention made at three 
dilferent stages in the development of the reaction product of 
the present invention; 

FIGS. 4. 5 and 6 show x-ray diffraction patterns of active 
cathode material compounds of the present invention where 
5% of the nickel is replaced by aluminum. 10% of the nickel 
is replaced by aluminum and 10% of the nickel is replaced 
by gallium. respectively; 

FIG. 7 shows an x-ray diffraction pattern of unmodi?ed 

LiNi02'. _ 

FIG. 8 is a graph showing comparative overall cell 
capacities as a function of current density for cathodes made 
with active cathode materials having and not having the “R” 
component of the present invention. and 

FIG. 9 is a graph showing total coulometric capacities of 
cells of the present invention in comparison to those of 
conventional prior art cells made with LiNiO2 and LiRy 
Ni1_ 0;. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

As used in the speci?cation and claims hereof. the term 
“intercalation” means a process where lithium ions are 
received by a crystalline. quasi-crystalline. or partially crys 
talline electrode material such as carbon or LiNiO2. The 
term “intercalation” may also refer to a process of a lithium 
ion being inserted into a vacant site in an existing crystalline. 
quasi-crystalline or partially crystalline structure in an elec 
trode. 
As used in the speci?cation and claims hereof. the term 

“deintercalation” means a process where lithium ions are 
released from the structure of an electrode material and 
migrate to the opposing electrode of opposite polarity. The 
term “intercalation" may also refer to a process of a lithium 
ion being removed or migrating away from an electrode. 
A round cell embodiment of the present invention is 

shown in FIG. 1. The physical arrangement of the elements 
of round cell 20 is generally conventional. where round cell 
20 comprises cathode can 1. cathode body 2. anode body 3. 
separator 4. opening sealant 5. anode bottom plate 6. anode 
collector 7. cap 8. tube or separator 9. insulating rings 10 and 
11. exterior can 12. and an electrolyte composition. not 
shown. dispersed throughout cathode 2. anode 3. and sepa 
rator 4. While the electrochemical operation of any cell 
depends on a complex series of interactions among the 
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several elements. the present invention is directed primarily 
to cathode 2 with secondarily to anode 3 and the composi 
tion of the electrolyte. 
A spirally wound embodiment of the present invention is 

shown in FIG. 2. The physical arrangement of the elements 
of spirally wound cell 30 is generally conventional. Where 
spirally wound cell 30 comprises nickel-plated steel can 31. 
stainless steel positive pin 32. sealing crimp 33. polypropy 
lene header or cell top 34. anode tab 35. cathode tab 36. 
spirally wound anode and cathode sheets separated by two 
contiguous microporous polypropylene separator sheets 37. 
and safety vent 38. An electrolyte composition. not shown. 
is dispersed throughout spirally wound anode and cathode 
37. While the electrochemical operation of any cell depends 
on a complex series of interactions among the several 
elements. the present invention is directed primarily to 
spirally wound anode and cathode 37 and the composition of 
the electrolyte. 

Cells of the present invention may assume various shapes 
and con?gurations not shown in FIGS. 1 and 2 including. but 
not limited to. other types of wound cells. coin cells and 
prismatic cells. 

In general. the electrochemically active material the cath 
ode of the present invention corresponds to a compound 
represented by the formula LixRyNi 1_,O:. where the sub 
script “x” for lithium is typically about 1. The exact value of 
“x” depends on the stoichiometric amounts of the reactants. 
the reaction conditions and the processes used to form the 
compound. A general range for “x” is between about 0.85 
and about 1.10. while a preferred range for “x” is between 
about 0.95 and about 1.00. 
The subscript “z” for the oxygen is typically about 2. The 

exact value or fraction of “2" depends on reactant quantities. 
reaction conditions and the processes used to form the 
compound of the present invention. 
The present invention includes within its scope replacing 

part of the nickel in a composition of matter. compound or 
electrode represented by the formula LiNiO2 with a replace 
ment metal ion less susceptible to participating in the 
transfer of lithium ions through donating or receiving elec 
trons. The replacement metal ion either does not release its 
electrons at all during lithium ion transfer or releases elec 
trons less readily than nickel. The compound of the present 
invention generally has an ot-NaCrO2 crystalline structure. 
Replacement metal ions finding application in the present 
invention are less susceptible to a dynamic change of 
valence state during the discharge-charge cycle. The reduced 
susceptibility to change of valence state is accompanied by 
and corresponds to a reduced susceptibility to the crystalline 
structure being rearranged during cycling. 
The fraction of nickel that may be replaced in the com 

pound of the present invention is limited. however. because 
replacing too much nickel causes some of the bene?cial 
properties provided by nickel to be reduced to unacceptable 
levels. In preferred embodiments of the present invention. a 
suitable replacement metal ion does not donate or receive 
electrons. or donates or receives few electrons. during the 
lithium ion transfer process. By replacing a limited portion 
of nickel with an “R” metal or combination of metals. an 
appropriate balance is achieved between the bene?ts inuring 
from the use of nickel and the bene?ts inuring from the use 
of “R" metals. 
To the extent “R" ions do not participate electrically in the 

transfer of lithium ions in the cell. they do not change 
valence state during the discharge-charge cycle. and thus do 
not contribute to the tendency of the active cathode material 
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to rearrange its crystal structure as the charging process 
nears completion. The presence of “R" ions contributes to 
the stability of the crystalline structure of the cathode 
material. and permits a greater fraction of lithium ions to be 
deintercalated from the matrix of the active cathode material 
when the cell is being cycled without a rearrangement of the 
cathode crystalline structure occurring. “R" ions permit 
lithium ions to be deintercalated from the active cathode 
material until ‘we is 0.4 or less Without the electrolyte being 
oxidized. and without irreversible change occurring to the 
crystalline structure. 
As implied by the “l-y” subscript for the transition metal 

nickel the sum of the subscript “y” for “R” and the subscript 
“l-y” for “Ni" is generally equal to one. “Y” is generally 
de?ned as greater than 0.05. and up to about 0.30. Typically 
“y” should be at least about 0.02 for “R" to have a noticeable 
affect on the properties of the compound. Thus. about 0.02 
is a preferred lower limit for “y." 
To the extent “R” replaces nickel. some desirable prop 

erties of nickel are lost. Accordingly. complete replacement 
of nickel is not contemplated in the present invention. 
Rather. the present invention is directed to limited replace 
ment of only a minor fraction of the nickel with a suitable 
metal. A desirable balance of properties and respective 
bene?ts is obtained when no more than about 15% of the 
nickel is replaced. Thus. a preferred upper limit for ‘ ” is 
about 0.15. 

In view of the above considerations. the value of the 
nickel subscript “1-y” generally ranges from about 0.70 to 
less than about 1.00. and preferably ranges between about 
0.85 and about 0.95. Thus. “R" is a substitute for part of the 
nickel in the well-known cathode material formula LiANiO2 
having the ot-NaCrO2 crystal structure. 
The exact metal to be used as “R” and the amount of such 

metal to be used depend on the desired properties and 
applications of the cathode material. A ?rst set of embodi~ 
ments of cathode materials and corresponding cells is rep 
resented by a general performance cell capable of handling 
a variety of loads and currents. wherein “R" is selected from 
the group of non-transition metals aluminum. gallium. tin. 
and zinc. thereby replacing the corresponding fraction of the 
transition metal nickel with one of the above recited non 
transition metals. It is also contemplated that “R” may 
comprise a combination of more than one of the above 
recited non-transition metals. 
A second set of embodiments of cathode materials and 

corresponding electrochemical cells is represented by a cell 
having large current delivery capabilities during discharge. 
but that is somewhat less susceptible to overheating than a 
conventional LiNiO2 cell. In the ?rst set of embodiments 
“R" is a transition metal selected from the group consisting 
of scandium and Period 5 transition metals having atomic 
numbers between 39 and 42 (e.g.. yttrium. zirconium. nio 
bium and molybdenum). Those transition metals do not 
appear in close proximity to nickel on the Periodic Table. 
and thus have substantially dilferent chemical. atomic and 
structural characteristics in respect thereof. Accordingly. the 
physical. chemical and electrical properties of compounds 
having those metals differ substantially from those contain 
ing nickel. or other metals in close proximity to nickel on the 
Periodic Table. In the present invention. “R” may also 
comprise a combination of more than one of the above 
recited transition metals. 
A third set of embodiments of cathode materials and 

corresponding electrochemical cells has a combination of 
characteristics of the ?rst and second sets of embodiments. 
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wherein “R” is a combination of (i) one or more of the 
non-transition metals in the ?rst set and (ii) one or more of 
the transition metals in the second set. Such cathode com 
pounds generally have properties intermediate between 
those corresponding to the ?rst and second sets of embodi 
ments. Generally. the transition metal is between about 5 
percent and about 95 percent of “R” and the non-transition 
metal is between about 95 percent and about 5 percent of 
“R." To attain more pronounced elfects from the transition 
metal and the non-transition metal. the transition metal 
should be between about 30 percent and about 70 percent of 
“R‘” and the non-transition metal should be between about 
70 percent and about 30 percent of “R.” 
Amethod of making a cell of the present invention usually 

begins with making the active cathode material by reacting 
appropriate ingredients under appropriate conditions to 
make the compound LixRyNi1_yO:. wherein the compound 
has the ot-NaCrO2 crystalline structure. 
To maintain acceptable rates of lithium ion transfer 

between the anode and cathode. the particle size of the active 
cathode material should be no larger than 150 microns. In its 
preferred embodiment the compound of the present inven 
tion should comprise essentially fully reacted material once 
the reaction process has been completed. and most or all 
particles in the compound should pass through a sieve 
having square openings 150 microns on a side. Particles of 
such size exhibit good packing properties and have high 
surface area. thus heightening the electrochemical activity of 
the cathode. Accordingly. the preferred method of making 
the active cathode material includes appropriate steps 
directed to ensure that any large particles in the active 
cathode material are reduced in size or removed from the 
material. 

After the active cathode material reaction product has 
been produced. cathode additives are typically incorporated 
into the reaction product. Typical cathode additives include. 
but are not limited to. conductor materials such as carbon 
black (most preferably added in amounts of up to about 10% 
by weight of the overall cathode material) and binders such 
as polyvinylidene ?uoride or PVDF (typically added in 
amounts of up to about 5% by weight of the overall cathode 
material). The resulting mixture of active cathode material. 
binder and conductor is then formed into a cathode of 
appropriate size and shape. The cathode is then incorporated 
into an electrochemical cell such as cells 20 and 30 shown 
in FIGS. 1 and 2. 
The anode material for the anode is selected from well 

known materials capable of accepting lithium ions by inter~ 
calation and otherwise suitable for use in electrochemical 
cells. A typical anode body comprises one or several various 
forms of carbon. including graphite and other crystalline or 
quasi-crystalline forms or allotropes of carbon. 
Most preferably the electrolyte is a solution of the solute 

LiPF6 or I_.iN(CF3SO2)2 and a solvent of at least one of (i) 
propylene carbonate and dimethoxyethane; (ii) ethylene 
carbonate and methylacetate. and (iii) a combination of (i) 
and (ii). A minimum requirement of the electrolyte is that the 
overall electrolyte composition facilitate the transfer of 
lithium ions between the cathode and the anode. Other 
solutes suitable for use in the present invention include. but 
are not limited to. LiPF6. LiAsF6. LiBF4. LiN(CF3SO2)2. 
LiCl‘gSO2 and LiC(CF3SO2)3. Other solvents suitable for 
use in the present invention include. but are not limited to. 
PC (propylene carbonate). EC (ethylene carbonate). y-BL 
(gamma buterylactone). DME (dimethoxyethane). DEC 
(diethoxyethane). DMC (dimethylcarbonate). MA 
(methylacetate) and MF (methylformate). 
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The method of making the active cathode material is as 
follows. Stoichiometn'c amounts of LiOH. Ni(OH)2 and 
R(OH), reactants or other compounds containing “ " are 
weighed to yield an Li/(Ni+R) ratio of 1.0 to 1.1. The 
reactants are ?rst mixed in a mechanical mixer for 30 
minutes to achieve a uniform mixture. and then ball-milled 
in a ball mill for 30 minutes to continue mixing and reduce 
particle size of the reactants. 

After ball milling the balls are removed and the mixture 
of reactant materials is placed in nickel boats. the boats 
being placed in a furnace. An oxygen atmosphere is created 
in the furnace by bubbling oxygen through deionized water 
and introducing the humidi?ed oxygen into the furnace. The 
furnace is heated a ?rst time in the oxygen atmosphere to a 
?rst reaction temperature of between about 600 degrees C. 
and about 700 degrees C. to cause the reactants in the 
mixture to react. A preferred reaction temperature is at least 
about 625 degrees C.. with a reaction temperature of about 
650 degrees C. being most preferred. The furnace is held at 
the reaction temperature for a reaction time of at least about 
10 hours to complete the ?rst or primary reaction step. 
Somewhat longer reaction times may be used in some 
embodiments. where reaction times may be 13 to 15 hours. 
or even longer. FIG. 3C shows reaction times of up to 34 
hours produce no detrimental affect. After the selected 
reaction time has elapsed. the furnace is cooled to about 400 
degrees C. and the reaction materials are removed from the 
furnace. As used in the speci?cation and claims hereof. the 
term “reaction materials” refers to the material retrieved 
from the furnace after the primary reaction. where the 
material is typically a combination of a reaction product and 
unreacted reactants. 
The reaction materials are again placed in the ball mill and 

ball milled for 30 minutes. After ball milling the reaction 
materials are placed back in the nickel boats. the nickel boats 
then being returned to the furnace. The furnace is heated a 
second time to a second reaction temperature for a second 
reaction time. The second reaction temperature is also 
between about 600 degrees C. and about 700 degrees C.. and 
is typically heated to the same temperature to which the 
furnace was heated for the ?rst reaction time. The second 
reaction time is preferably shorter than the first reaction 
time. and is typically somewhere between about 2 hours and 
about 8 hours. The second reaction time may optionally be 
between about 3.5 hours and about 5 hours. The total of the 
?rst and second reaction times should be at least 12 hours. 
and may be up to 20 hours or more. depending on the 
speci?c materials being reacted. the sizes of the reactant 
particles. reaction temperatures. and other factors. 
The relative durations of the ?rst and second reaction 

times may be rearranged so that the second reaction time is 
longer than the ?rst reaction time. The intermediate ball 
milling step provides a fresh mixing of the reaction materials 
between the two reaction periods. and also causes additional 
size reduction of the particles comprising the reaction mate 
rials. Accordingly. it is generally preferred that the ?rst 
reaction time be longer than the second reaction time so that 
only minor amounts of reactant materials remain to be 
reacted or exposed to reaction conditions following further 
breaking up of reactant particles after the intermediate ball 
milling step. If the ?rst reaction time is shorter than the 
second reaction time. more total reaction time and slightly 
higher reaction temperatures are generally required. Reac 
tion temperatures should not exceed about 725 degrees C. 
The reaction may even be carried out in a single reaction 

step. When only a single reaction step is used. however. the 
bene?ts of the second reaction step are not received. 
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Accordingly. when a single reaction step is used the reaction 
time should be increased and the fraction of unreacted 
reactants at the end of the reaction step is typically higher 
than when two reaction steps are used. 

After the reaction materials have been held at the second 
reaction temperature for the second reaction time. the result 
ing reaction product is a substantially completely reacted 
compound of the formula Li,RyNi1_yO: as described above. 
corresponding to the active cathode material. The reaction 
product is ball milled a third time for 30 minutes. screened 
through a 150 micron sieve to remove any lumps. heated to 
100 degrees C. to remove any moisture. and stored dry until 
used. 
When the cathode is made. an active cathode material 

made in accordance with the above described procedures is 
mixed with a conductor such as super S carbon and a binder 
such as PVDF. The resulting mixture is formed into a 
cathode body of appropriate size and shape for. use in an 
electrochemical cell. The cathode body. anode body. 
separator. current collectors. and electrolyte are assembled. 
along with other appropriate components to make the cell. 

EXAMPLE A 

FIG. 3A shows a ?rst X-ray diffraction curve obtained 
with a cathode compound and mixture of the present inven 
tion after the mixture has been heated for 7 hours at the ?rst 
reaction temperature. The X-ray di?raction curve of FIG. 3A 
exhibits a minor peak at 21 degrees and a pair of minor peaks 
at about 33-34 degrees. Those peaks represent the presence 
of aluminum or aluminum oxides in minor amounts. 

FIG. 3B shows a second X-ray diffraction curve obtained 
with the cathode compound and mixture of FIG. 3A after 19 
hours of heating at the ?rst reaction temperature. The X-ray 
diffraction curve of FIG. 2B retains small peaks at 21 
degrees and 33-34 degrees. The size of those peaks is 
diminished substantially respecting FIG. 3A and indicates an 
almost complete disappearance of the aluminum as a sepa 
rate mixture ingredient. This suggests that an almost com 
plete reaction of the aluminum has occurred in the 
LixAlyNi1_ 02 compound and cathode mixture. 

FIG. 3C shows a third X-ray diffraction curve obtained 
with the cathode compound and mixture of FIG. 3A after 34 
hours of heating at the ?rst reaction temperature. The minor 
peaks at 21 degrees and 33-34 degrees are much like those 
in FIG. 3B. indicating that an additional 15 hours of reaction 
time did not change the composition of the compound 
substantially and that the reaction had proceeded to its 
endpoint after about 19 hours of heating. 

EXAMPLE B 

FIGS. 4. 5 and 6 show x-ray diffraction patterns of active 
cathode material compounds of the present invention where 
5% of the nickel is replaced by aluminum. 10% of the nickel 
is replaced by aluminum. and 10% of the nickel is replaced 
by gallium. respectively. FIG. 7 shows an x-ray di?‘raction 
pattern of a conventional. unsubstituted. unmodi?ed lithium 
nickel oxide cathode material. Analysis of FIGS. 4. 5. 6 and 
7 showed that the compounds of the present invention were 
not mere admixtures of dissimilar compounds. or mere 
admixtures of reacted and unreacted materials. Instead. the 
analysis showed that the tested compounds were single 
phase materials and true chemical compounds. 

Table 2 below shows a comparison of lattice parameters 
for (a) the lithium aluminum nickel oxide compound of the 
present invention for which x-ray diffraction pattern results 






